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R e c e n t  a d v a n c e s  i n  p r e c i s i o n  c a s t i n g  t e c h n i q u e s  and  a l l o y  
d e v e l o p m e n t  h a v e  a l l o w e d  t h e  i n t r o d u c t i o n  o f  d i r e c t i o n a l l y  
s o l i d i f i e d  and  s i n g l e  c r y s t a l l i n e  t u r b i n e  b l a d e s  i n  a i r c r a f t  gas  
t u r b i n e  e n g i n e s  a n d  a d v a n c e d  rocket e n g i n e s .  B e c a u s e  t h e s e  
a l l o y s  e x h i b i t  complex a n i s o t r o p i c  e l a s t i c  and  p l a s t i c  
p rope r t i e s ,  t h e  c o n v e n t i o n a l  c o n t i n u u m - m e c h a n i c a l  a p p r o a c h  t o  
c o n s t i t u t i v e  m o d e l l i n g  is f r e q u e n t l y  i n a d e q u a t e .  T h i s  h a s  l e d  
d e s i g n e r s  a n d  a n a l y s t s  t o  t r y  t o  u n d e r s t a n d  f u n d a m e n t a l  
m e t a l l u r g i c a l  d e f o r m a t i o n  and  damage m e c h a n i s m s  i n  t h e s e  a l l o y s ,  
a n d  t o  i n c o r p o r a t e  some o f  t h e s e  m e c h a n i s m s  i n  t h e i r  models.  The 
goa l  o f  t h i s  p r o j e c t  i s  t o  c h a r a c t e r i z e  t h e s e  f u n d a m e n t a l  
m e c h a n i s m s  i n  t h e  n i c k e l - b a s e  s u p e r a l l o y  PWA 1 4 8 0 ,  a n d  t o  
i n t e r a c t  w i t h  t h e  m e c h a n i c s - o r i e n t e d  a n a l y s t s  i n  a n  a t t e m p t  t o  
d e v e l o p  p h y s i c a l l y - b a s e d  c o n s t i t u t i v e  models f o r  t h i s  a l l o y .  

I n  a d d i t i o n  t o  t h e  a n i s o t r o p i c  e l a s t i c  a n d  p l a s t i c  
p r o p e r t i e s  w h i c h  are  i n h e r e n t  t o  a s i n g l e  c r y s t a l  , n i c k e l - b a s e  
s u p e r a l l o y  s i n g l e  c y r s t a l s  a l so  e x h i b i t  c o m p l e x  b e h a v i o r  d u e  t o  
t h e i r  m i o c r o s t r u c t u r e s .  The a l l o y s  a re  s t r e n g t h e n e d  by t h e  
p r e c i p i t a t i o n  o f  t h e  y '  p h a s e ,  and  t h i s  p h a s e  i s  t h e  d o m i n a n t  
m i c r o s t r u c t u r a l  f e a t u r e  ( a b o u t  60 vo lume  % o f  t h e  a l l o y ) .  
B e c a u s e  y '  i s  a n  o r d e r e d  p h a s e ,  i t  shows  an  anomolous  i n c r e a s e  i n  
s t r e n g t h  w i t h  t e m p e r a t u r e ,  l s o  e x h i b i t s  v e r y  c o m p l i c a t e d  
o r i e n t a t i o n - d e p e n d e n t  behavior. B e c a u s e  t h e  s u p e r a l l o y  i s  
composed  of 60% y l ,  some o f  t h i s  b e h a v i o r  i s  a l s o  e v i d e n t  i n  t h e  
s u p e r a l l o y .  However ,  i t  mus t  be stressed t h a t  t h e  s u p e r a l l o y  i s  
a c o m p o s i t e  s t r u c t u r e ,  c o n s i s t i n g  of t w o  p h a s e s .  I t  i s  of t h e  
h i g h e s t  i m p o r t a n c e  t o  d e t e r m i n e  how d i s l o c a t i o n s  i n t e r a c t  w i t h  
t h e  p r e c i p i t a t e s  and  w i t h  t h e  m a t r i x / p r e c i p i t a t e  i n t e r f a c e s  
d u r i n g  d e f o r m a t i o n .  T h e s e  i n t e r a c t i o n s  a r e  v e r y  d e p e n d e n t  o n  
t e m p e r a t u r e ,  s t r a i n  r a t e ,  and  stress s t a t e .  

( 2 )  
I n t e r r u p t e d  t e n s i l e  t e s t s  were c o n d u c t e d  on  < 0 0 1 >  o r i e n t e d  s i n g l e  
c r y s t a l s  a t  t e m p e r a t u r e s  f r o m  20-1093OC. Two s t r a i n  r a t e s  were 
u s e d ,  0 . 5  and  50%/min .  A f t e r  t h e  tests were c o n d u c t e d ,  t h e  
d e f o r m a t i o n  s u b s t r u c t u r e s  were c h a r a c t e r i z e d  by  t r a n s m i s s i o n  
e l e c t r o n  m i c r o s c o p y  (TEM). A l t h o u g h  t h e  c y c l i c  work h a s  j u s t  
r e c e n t l y  b e g u n ,  t h e  r e s u l t s  t o - d a t e  i n c l u d e  some u n e x p e c t e d  
d e f o r m a t i o n  b e h a v i o r .  I f  t h e s e  t r e n d s  a re  a l s o  e v i d e n t  i n  t h e  
c y c l i c  t e s t i n g  , t h e y  w i l l  h a v e  s t r o n g  i m p l i c a t i o n s  f o r  t h e  
a p p l i c a b i l i t y  o f  c u r r e n t  c o n s t i t u t i v e  m o d e l s .  

The f i r s t  p h a s e  o f  t h e  p o j e c t  h a s  b e e n  c o m p l e t e d .  
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F i g u r e  1 i s  a summary o f  t h e  y i e l d  s t r e n g t h  d a t a .  I t  c a n  be 
s e e n  t h a t  be low 76OoC, t h e  s t r e n g t h  i s  i n d e p e n d e n t  of t e m p e r a t u r e  
a n d  s t r a i n  r a t e .  Above 76OoC, t h e  s t r e n g t h  becomes o f  f u n c t i o n  
o f  t e m p e r a t u r e  and s t r a i n  r a t e ,  d u e  t o  t h e  f a c t  t h a t  t h e  p l a s t i c  
d e f o r m a t i o n  i n  t h i s  r e g i m e  is  t h e r m a l l y  a c t i v a t e d .  F r e q u e n t l y ,  
t h e r m a l l y  a c t i v a t e d  p r o c e s s e s  c a n  be c h a r a c t e r i z e d  v e r y  w e l l  by  
a n  A r r h e n i u s - t y p e  r e l a t i o n s h i p  o f  t h e  fo rm:  

w h e r e  Q = A c t i v a t i o n  e n e r g y  
T = T e m p e r a t u r e  
R = Gas c o n s t a n t  
A = C o n s t a n t  

F i g u r e  2 i s  a p lo t  o f  t h e  d a t a  i n  t h i s  f o r m .  It i s  s e e n  t h a t  t h e  
d a t a  f a l l s  n a t u r a l l y  i n t o  t h r e e  t e m p e r a t u r e  regimes. A n a l y s i s  o f  
t h e  d e f o r m a t i o n  s u b s t r u c t u r e s  r e s u l t e d  i n  t h e  same t h r e e  r e g i m e s ,  
and  t h e  b o u n d a r i e s  o f  t h e  r e g i m e s  were t h e  same. R e f e r e n c e  ( 2 )  
s h o u l d  be c o n s u l t e d  f o r  d e t a i l s ,  b u t  a s h o r t  summary i s  p r e s e n t e d  
below. 

A t  low t e m p e r a t u r e s ,  when t h e  s t r e n g t h  was i n d e p e n d e n t  o f  
t e m p e r a t u r e ,  s l i p  w a s  v e r y  c r y s t a l l o g r a p h i c .  D e  f o r m a t  i o n  
o c c u r r e d  by s h e a r i n g  of t h e  y '  o n  {ill) p l a n e s .  I n  t h i s  regime, 
t h e  c r y s t a l l o g r a p h i c  m o d e l s  w h i c h  add  p l a s t i c  s h e a r  s t r a i n s  o n  
d i f f e r e n t  s y s t e m s  ( b o t h  i n s i d e  and  o u t s i d e  t h e  y ' )  would  a p p e a r  
t o  be g e n e r a l l y  a p p l i c a b l e .  

A t  h i g h  t e m p e r a t u r e s ,  w h e r e  t h e  a c t i v a t i o n  e n e r g y  f o r  
y i e l d i n g  was i n d e p e n d e n t  o f  s t r a i n  r a t e ,  s l i p  was e x t r e m e l y  
homogeneous .  A d d i t i o n a l l y ,  t h e  y '  was n o t  s h e a r e d  d u . r i n g  
d e f o r m a t i o n .  The p a r t i c l e s  were b y - p a s s e d  by d i f f u s i o n -  
c o n t r o l l e d  c l imb .  I n  t h i s  r e g i m e ,  t h e  y '  was n o t  s h e a r e d ,  so t h e  
c r y s t a l l o g r a p h i c  models w h i c h  c o n s i d e r  c u b e  s l i p  w i t h i n  t h e  
p r e c i p i t a t e s  would n o t  be a p p l i c a b l e .  

I n t e r m e d i a t e  t e m p e r a t u r e s  r e s u l t e d  i n  t r a n s i t i o n a l  b e h a v i o r .  

I t  m u s t  be s t r e s s e d  t h a t  t h e  a b o v e  d i s c u s s i o n  i s  l i m i t e d  t o  
d e f o r m a t i o n  d u r i n g  t h e  i n i t i a l  s t a g e s  o f  a t e n s i l e  t e s t ,  a n d  o n l y  
t h e  { O O l )  o r i e n t a t i o n  w a s  t e s t e d .  L a t e r  i n  t h e  program, c y c l i c  
a n d  o f f - a x i s  s t u d i e s  w i l l  b e  c o n d u c t e d  t o  see i f  t h e  c o n c l u s i o n s  
are  more g e n e r a l .  
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Figure  1 .  Yield s t r e n g t h  a t  0 . 0 5 %  o f f s e t  V S .  temperature .  
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F i g u r e  2.  A r r h e n i u s - t y p e  r e s p r e s e n t a t i o n  of t h e  y i e l d  s t r e n g t h  
d a t a .  
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